Killing of Salmonella minnesota and Salmonella typhimurium S and R strains in serum of nonimmune humans and guinea pigs was drastically reduced in the selective absence of Clq, Clr, Ca2+, C4, or C2, the components of the classical complement pathway. Binding of Ci and Clq to the S form and six different coredeficient R mutant strains became stronger the shorter the lipopolysaccharide molecule. C1 and Clq had, under physiological conditions, no affinity to the serum-resistant S forms, whereas these components were bound by the serumsensitive R forms with high affinity. However, a mixture of the individual complement components C1-C9, which rapidly lysed sensitized erythrocytes, did not kill the serum-sensitive bacteria. Isolated Cl bound to these bacteria cleaved fluid-phase C4 but did not convert C2. C2 turnover could be detected only when serum was used as a source of Cl or C4, indicating that an additional serum component is necessary for the antibody-independent bactericidal effect. Functional tests indicated that this factor is a euglobulin which mediates binding of C4 to the bacteria even in the absence of Cl or after treatment with EDTA. Binding of C4 followed by the generation of C4b sites as acceptors for C2 was a prerequisite for the killing of the bacteria. The factor could not be replaced by immunoglobulin G or immunoglobulin M, nor was it blocked by preincubation with anti-immunoglobulin G or anti-immunoglobulin M.
The strong bactericidal effect of normal human serum and normal guinea pig serum (GPS) against smooth (S) and rough (R) forms of Salmonella strains was reduced in the selective absence of Clq, Clr, Ca2+, C4, and C2 (3) . These observations indicate that the bactericidal activity is mediated by Cl and the components of the classical complement (C) pathway (Cl, C4, C2) and is independent of antibodies. Some gram-negative bacteria interact directly with the first component of complement, Cl, and its subcomponent Clq (2, 4, 6) . Comparative studies of Salmonella minnesota and Salmonella typhimurium S and R forms showed a high binding affinity of Cl to the serum-sensitive rough mutants, whereas the serum-resistant S forms had no affinity under physiological conditions (4) . The high affinity of Cl to the R forms seemed to be due to additional binding structures on the outer membrane besides lipopolysaccharide (LPS), i. e., proteins, which are more susceptible on R forms than on S forms (5, 12) . The additional binding structures involve a different binding mechanism of Cl to the bacteria, as shown by Bartholomew and Esser in the direct interaction of Cl with capsid proteins of retroviruses (1).
MATERIALS AND METHODS
S. minnesota wild type (S form S-1114) and the Re mutant (R-595, SF-1167) were kindly provided by G. Schmidt, Max Planck Institut, Freiburg, Federal Republic of Germany. The bacteria were taken from an 18-h broth culture, washed, counted in a Neubauer chamber, and adjusted to 2 x 108 microbes per ml.
The LPS preparation was obtained from C. Galanos, Max Planck Institut. Sheep erythrocytes were prepared and coated with LPS by the method of Schlecht and Westphal (10) .
Pooled normal GPS was stored at -25°C. A (13) and destained for 4 h in a solution of 7.5% acetic acid-5% methanol by diffusion.
RESULTS
Absorption of pooled normal GPS for 60 min at 37°C with S and Re forms of S. minnesota resulted in the reduction of the complement activity. This suggested the dependency of the serum-mediated killing on complement components. Therefore, the number of all components after absorption of 1:10 diluted (0.065 ,u) and concentrated (0.15 ,u) GPS with 2 x 108 bacteria (60 min; 37°C) was determined (Table 1) . C3 to C9, the components that can be activated via the alternate as well as the classical pathway, were consumed by both bacterial strains in similar amounts. The classical components Cl, C4, and C2 had a higher turnover rate after absorption of serum with the serum-sensitive Re form than with the serum-resistant S form, confirming the dependency of the serum bactericidal effect on the classical complement components (3). At 0.065 and 0.15 ,u, the Re form bacteria bound ca. 1,000 C1 molecules per cell with high affinity. In contrast, the S form absorbed only 28 molecules underyhysiological conditions. The 351 effective Cl molecules which were consumed by the S form at 0.065 ,u were fixed in a reversible way:
Cl can be split off and transferred to EAC4 at ,. = 0.15._C4 was consumed more efficiently the more C1 was bound to the bacteria. The incubation of the Re bacteria with serum resulted in the consumption of C2, whereas only minimal C2 turnover induced by Cl, which was activated by the S form, could be detected.
Since the Cl binding was found to be important for serum-mediated killing (4), the activation of the whole classical pathway by the bacteria and the interaction with the purified components of the classical sequence were further investigated. In preceding experiments, erythrocytes coated with purified LPS of the Re form of S. minnesota were shown to bind and activate Cl, which was able to cleave C4; however, no C2 consumption was detectable. This observation disagreed with the results obtained in serum after absorption with the R form bacteria (Table  1) . Therefore, LPS-coated erythrocytes were incubated with purified or native Cl (Cl), C4, and C2. The native components were absorbed from sera diluted 1:10 in VBS (0.15 ,u) with a selective complete defect in one component; thus, the complement cascade was interrupted ( C2 consumption after incubation of the Re mutant of S. minnesota with purified Cl and C4 (Table 4) . Complete C2 turnover could be detected in the presence of peak 1, the void volume fraction of the column. This fraction also contained IgM, ax2-macroglobulin, cx2-lipoprotein, hemoglobulin-haptoglobulin complexes, Cl, and C3. Therefore, IgM and (x2-lipoprotein were also tested for C2-converting activity and were found to be functionally ineffective (Table 5) .
To rule out the participation of (natural) antibodies against S. minnesota, defined antibodies against the 0 and H antigens of S. minnesota (O antigen: anti-021; H antigens: anti-Hb and antiHenx) as well as pools of human IgG or human IgM were tested for activity in mediating C2 turnover. The participation of these antibodies in the consumption of C2, which might be caused by a component mediating the fixation of C4 to the bacterial cell, could be excluded. C2-converting activity was detected in the first peak after separation of normal GPS on a Sephadex G-200 column. The pool which mediated C2 consumption (peak 1) was further analyzed by polyacrylamide gel electrophoresis without sodium dodecyl sulfate and mercaptoethanol (Fig. 1) . The component mediating the activation of the whole classical complement cascade by bacteria was detected in a major protein band after slicing and elution of the gel. Since, under these experimental conditions, the macromolecular Cl complex does not enter into the gel, it is not possible that Cl alone is able to initiate C2 consumption. This is also in agreement with the data presented in Table 2 .
DISCUSSION
Incubation of the S and R forms of S. minnesota with serum caused the killing of the serumsensitive strains on one hand and a large reduction of the serum components of the classical complement pathway on the other hand. The strong bactericidal effect of normal GPS against these bacteria was decreased in the selective absence of Cl, C4, or C2. These observations indicate that the serum sensitivity of bacterial strains is caused by the effective activation of classical complement components.
The low Cl-binding affinity of the serumresistant S form and the high binding affinity of the serum-sensitive R forms support the findings of an antibody-independent Cl-mediated serum bactericidal killing (3, 4) . Cl was directly bound and activated by the R form bacteria; C4 was cleaved by the active Cl esterase, but no C2 turnover was measurable. The latter observation was in contrast with the Cl, C4, and C2 dependency of the bactericidal activity of serum. Therefore, an additional serum component, different from antibodies, must be required. This confirms the earlier observations of Skarnes, who investigated the antibacterial potential of serum from young rabbits and guinea pigs (8, 11) . The killing of the rough strains in the absence of "natural" antibodies required complement and at least one additional nonspecific component. However, in this complement-mediated bactericidal system, the early components of human complement (Cl, C4, C2) plus certain serum euglobulins were able to kill pathogenic strains of Shigella sonnei (11) , and no late-acting components were necessary in contrast to the (Table 2) .
The additional serum component was partially purified from GPS. Functional tests provided evidence that the factor is a protein which mediates the binding of C4 to the bacterial membrane in the absence of antibodies. In antibody-mediated classical pathway activation, receptors on guinea pig erythrocytes specific for the fourth component of human complement were demonstrated by Wilson et al. (14) . The additional component was detectable in C4-deficient GPS and in C2-deficient human serum via its activity in mediating C4 fixation. C4 could be absorbed by bacteria from serum without previous Cl binding in a tight manner that endured washing. The binding of C4 must be presupposed for its function as a C2 acceptor and consequently for the cleavage of C2 by Cl esterase that is already cell-bound and activated. Therefore, Cl absorption with high affinity by the R forms seems to be decisive for a serummediated bactericidal effect toward serum-sensitive forms of gram-negative bacteria.
